Results of a pilot project with the participation of the "Kvazar-KVO" radio interferometry array in observations carried out with the European VLBI Network are presented. The aim of the project was to conduct and analyze multi-frequency (1.7, 2.3, 5.0, 8.4 GHz) observations of the parsec-scale jets of 24 active galactic nuclei. Three observing sessions were successfully carried out in October 2008. Maps of the radio intensity distributions have been constructed in all four frequencies using phase referencing. A method for measuring the frequency-dependent shift of the position of the VLBI core by applying relative astrometry to observations of close triplets of radio sources has been developed. The fundamental possibility of detecting core shifts in ultra-compact sources for which traditional methods based on the achromatic positions of optically thin regions of the jet are not suitable is demonstrated. The conditions for successful measurement of this shift are discussed; these are determined by the closeness of the calibrator used, the effective resolution of the system, the quality of the filling of the uv plane, the relative orientations of the jets in the triplets, and the brightnesses of the sources.
INTRODUCTION
In images of extragalactic relativistic jets obtained using Very Long Baseline Interferometry (VLBI), the "core" is the name given to the compact, bright feature at the visible base of the jet. The position of the core is determined by absorption in the radiating plasma (synchrotron self-absorption) or in the ambient material [1] [2] [3] . At any given observing frequency ν, the core is located in the region of the jet with optical depth τ (ν) ≈ 1, leading to a shift in the absolute position of the core r core ∝ ν −1/kr [3] . In the case of synchrotron selfabsorption with equipartition between the energy densities of the relativistic particles and the magnetic field, k r = 1 [1] . However, in the presence of external absorption or gradients in the density and pressure, k r can differ from unity [3] .
The apparent shifts of the cores of active galactic nuclei (AGNs) have direct astrophysical and astrometric applications in relation to compact radio sources. This effect can be used to estimate various physical parameters of compact relativistic jets. At the same time, the shift of the core with frequency can influence measurements and estimates based on multi-frequency VLBI observations: (1) the construction of spectral-index maps [3, 4] , (2) measurements of Faraday rotation [5] [6] [7] , * E-mail: voitsik@asc.rssi.ru (3) astrometric and geophysical measurements at 4 and 13 cm [8, 9] , and (4) comparison of radio and optical coordinate systems [10] [11] [12] .
Understanding and taking into account the effects of absorption in such investigations requires systematic studies of core shifts for a representative sample of compact radio sources, in particular, those used for astrometric applications. To achieve this, we organized a pilot experiment on the European VLBI network (EVN), with the following aims: measuring the core shifts of ultracompact quasars via relative astrometry for selected triplets of sources, comparison with the results obtained for traditional methods based on comparison of optically thin parts of the jets observed at different frequencies, gaining experience in the organization of larger-scale astrometric measurements of core shifts in the future, testing the participation of telescopes in the Russian "Kvazar-KVO" array in EVN observations and estimating the gain provided by this participation.
OBSERVATIONS AND DATA REDUCTION

Source Sample
We selected eight ultracompact extragalactic radio sources for these observations, meeting the following criteria: (1) that the source be included in the main list of objects in the catalog of the International Celestial Reference Frame (ICRF) [8] ; (2) that the structure in-dex of the source be equal to 1 or 2 [8] , i.e., that the source structure be dominated by the core; (3) that the maximum correlated spectral flux density of the source at 8 GHz exceeds 1.2 Jy. Based on these criteria, we also added the source 1749+096, which is the most compact and bright of the candidate ICRF sources [8] . We also selected two phase calibrators at angular separations of no more than 4
• for each of these sources.
EVN Observations
Observations of our targets were carried out on the EVN in three 12-hour sessions during October 2008: October 19-20 at S and X bands (central frequencies 2.27 and 8.38 GHz), October 22-23 at C band (4.97 GHz), and October 29-30 at L band (1.66 GHz). At each frequency, we recorded eight frequency channels (so-called IFs), each with a bandwidth of 8 GHz. Both right-and left-circular polarizations were recorded in L and C bands, while only right-circular polarization was recorded in S and X bands. The aggregate bit rate was 512 Mbits/s. The data were correlated at the Joint Institute for VLBI in Europe (JIVE).
Three 32-m telescopes of the Russian "Kvazar-KVO" VLBI network took part in these EVN observations, appreciably improving the uv coverage in the East-West direction (see Section 2.6). However, the failure of the Hartebeesthoek telescope in South Africa significantly limited the North-South resolution of the interferometric array. Unfortunately, this had a very substantial effect on the accuracy of the astrometric measurements, since the baselines to Hartebeesthoek would have provided the highest angular resolution in the resulting data.
Data Reduction
The preliminary reduction of the data was carried out in the AIPS package [13] , and included the following steps: removal of bad data based on information received from the telescopes and a visual inspection of the data; application of phase corrections related to the passage of the radio signal through the ionosphere, carried out using the task TECOR; calibration of the amplitudes using system temperatures and gain curves measured at the telescopes using the task APCAL; preliminary calibration of the phases using a global fringe-fitting procedure (the task FRING). Independent solutions for the group delays and fringe frequencies were found for each frequency channel (IF). Corrections for the shape of the complex passband were applied using the task BPASS. Further, the task SPLIT was used to apply all the derived corrections to the data, average over frequency within each IF, and export the uv data in a format suitable for the subsequent analysis.
Maps for all the sources were constructed using the CLEAN algorithm realized in the Difmap package [14] .
Global amplitude corrections were obtained for each frequency channel and each antenna by comparing the total intensity CLEAN model with the initial calibrated data. The resulting corrections were averaged over all the sources. Amplitude corrections >10% were then applied to the input data using the task CLCOR in AIPS.
The final step in the reduction of the data in AIPS was realizing a phase-referencing regime relating the phases for the weaker sources in each triplet to those of a calibrator. We chose the brightest, most compact source in each triplet as the phase calibrator. Further, we found a phase solution for each such calibrator using the task FRING, taking into account the source structure, which was then applied to both the data for the calibrator itself and the data for the two other sources in the triplet.
Reconstruction of the VLBI Maps
The final VLBI maps for the 24 target sources obtained using natural weighting of the data are presented in Fig. 9 . Contour maps at 1.7, 2.3, 5.0, and 8.4 GHz are presented for each source. The dynamic ranges of these maps, defined as the ratio of the intensity peak to the noise level in the map, vary from 10 3 for weak sources to 10 4 for the brightest sources at 1.7, 5.0, and 8.4 GHz. The dynamic ranges of the maps at 2.3 GHz are lower, especially for sources weaker than 1 Jy, since the phased Westerbork Synthesis Radio Telescope -one of the most sensitive elements of the EVN -did not take part in the observations at this frequency. The typical noise level of the reconstructed images is 0.3 mJy/beam.
The parameters of the VLBI maps are summarized in Table IV , namely, the source name, central frequency of the synthesized image in GHz, peak intensity in mJy/beam, residual noise level in mJy/beam, total flux in mJy, determined as the sum of all CLEAN components, major and minor axes corresponding to the fullwidth at half-maximum of the restoring beam in milliarcseconds (mas), and the position angle of the beam in degrees.
Modeling of the Sources
In order to determine the position of the core in the map, we modeled the brightness distribution for each source using a set of circular Gaussian components. The model was fit to the data in the spatial-frequency domain using the Difmap program via χ 2 minimization. The number of components was chosen to be the minimum necessary to describe all significant detected elements of the source structure at a given frequency (usually three to six).
FIG. 1.
Example of uv-coverage for 0133+476 at 5 GHz. The red points denote projected baselines involving Kvazar-KVO telescopes and the blue points show the remaining projected baselines.
Importance of the Kvazar-KVO Telescopes for
the EVN Results Figure 1 shows that the telescopes of the Russian Kvazar-KVO array appreciably improve the filling of the uv plane for the EVN observations, especially at mediumlength baselines. The participation of three Kvazar-KVO antennas together with the eight EVN stations increases the number of baselines by about a factor of two, enhancing the reliability of the image reconstruction and appreciably lowering the noise level in the maps. To estimate the contribution made to the data from the Kvazar telescopes, we carried out all the data reduction a second time excluding the Badary, Zelenchuk, and Svetloe telescopes and constructed images of the three sources 0125+487, 0133+476, and 0151+474 at all frequencies. We chose sources with relatively high declinations for this analysis in order to reduce the influence of the poor uv-coverage in the North-South direction. Figure 2 compares the residual noise levels in the images reconstructed with and without the Kvazar telescopes. In the latter case, the residual noise level in the images is about 30% higher, on average. The residual noise in the L, C, and Xband images of 0151+474 remained practically the same. The absence of such additional interferometric baselines is especially important when constructing images of weak sources, whose extended structure may not be detected due to insufficient sensitivity. 
Phase Calibration
The phase of the visibility function at the correlator output is the sum of contributions from various effects:
where ϕ struct is the phase associated with the source structure, ϕ pos the phase associated with the position of the source coordinates relative to the phase center, ϕ atmo the phase due to the atmosphere (ionosphere and troposphere), and ϕ inst the phase due to delays in the apparatus and imperfection of the frequency standards.
The terms ϕ struct and ϕ pos are determined by the source and the terms ϕ atmo and ϕ inst by the telescopes and equipment used. The global fringe-fitting minimizes the phase when it introduces global corrections for the antenna phases. Thus, the sum ϕ atmo + ϕ inst + ϕ pos is determined. There remains only the term ϕ struct , which depends on the projected baselines (uv points).
After calibration with the phase calibrator, the phase of the target source will be
Here, the subscript "c" denotes the calibrator and the subscript "t" the target. The term ϕ 
Thus, the left-hand side of (5) contains directly measurable quantities, and the right-hand side the desired variation of the coordinates of the VLBI core with frequency. It follows from (5) that it is not possible to directly separate the frequency-dependent core shifts of the calibrator and target sources without using some additional a priori information.
Measurement of the Core Shift when the Jet Direction is Known
Studies have shown that the shift of the VLBI core position with frequency is usually along the direction of the relativistic jet of the source [15] . This makes it possible to measure the core shifts independently for each source in a triplet. We used the following model in these calculations:
where the subscripts i ∈ {1, 2, 3} denote the number of a source in the triplet, j ∈ {L, S, C, X} denotes the frequency, S apex is the true position of the base (apex) of the jet, d is the jet direction, and ∆r core is the core shift we are seeking. Having for a given triplet measured values of the vectors X j core,i and a priori estimates of the vectors d i , we can obtain the a posteriori distribution of the probability density of the vectors (S apex −S ph.c. ) i and (S center −S ph.c. )
j , as well as the desired quantity ∆r j core,i . We used the Markov Chain Monte Carlo method for these computations, realized in the PyMC3 library [16] . The core shift ∆r core was calculated relative to its X-band position. This approach makes it possible to estimate the core shift even if the jet direction for the source is unknown, assuming a uniform a priori distribution d.
We also developed a method for measuring the core shift for a pair of sources closely spaced on the sky. As was shown in formula (5) of the previous section, for two sources with referenced phases, only the difference vector for the frequency-dependent shift of the VLBI core can be measured directly, CS rel = CS 1 − CS 2 . When the jet direction is known, this difference vector can unambiguously be separated into components as CS rel = ∆r core,1 d 1 − ∆r core,2 d 2 , where d 1 and d 2 are unit vectors in the directions of the jets of the first and second source. The quantities ∆r core,1 and ∆r core,2 represent the desired core shifts for the two sources.
We calculated the jet direction as the mean position angle of the innermost Gaussian components in our source model relative to the 8.4 GHz core. We were not able to determine the jet direction for the most compact source in our sample, the blazar 0235+164, from our data. For this source, we adopted the jet position angle from [17] based on numerous 43-GHz observations on the Very Long Baseline Array (VLBA). For another compact source, 0440−003, we used data from the MO-JAVE project at 15 GHz [18, 19] to identify the jet direction, since the resolution provided by our 8 GHz EVN observations was insufficient.
Accuracy of the Core Shift Measurements
The question of the accuracy of relative radio astrometry was first considered in [20] for the two bright, closely spaced quasars 3C 345 and NRAO 512 observed quasisimultaneously with VLBI on a single baseline. It was shown in this pioneering work that the uncertainties in the relative coordinates of the sources can comprise only a small fraction of a milliarcsecond. The accuracy of astrometric measurements using modern multi-antenna aperture synthesis systems such as the VLBA or EVN cannot be calculated analytically, but it is known that this accuracy is limited primarily by uncorrected effects due to the propagation of the radio signals in the troposphere and ionosphere [21] . Thus, among the numerous factors influencing the accuracy of relative astrometry, the main ones are the resolution of the interferometric array, λ/D max , the number of antennas in the array and the accuracies of each of their positions, the angular separation of the target source and the calibrator ∆Θ, the overall duration of the experiment, the stability of the troposphere and ionosphere determining the source-calibrator cycle time, and the signal-to-noise ratio for the target. The dominant source of systematic errors is likely observations at large zenith angles z, since the uncorrected tropospheric delay grows as secz. Therefore, observations at large zenith angles should be avoided, while also taking into consideration the fact that limiting the observations to small zenith angles can appreciably lower the quality of the filling of the uv plane, and accordingly also the reliability of the image reconstruction.
Computer simulations of artificial sets of 8.4 GHz VLBI observations with the VLBA and EVN have also been used to estimate the astrometric accuracy of phasereferencing observations [22] . It was shown that the typical astrometric errors are lowest for bright, point-like sources at intermediate declinations, and comprise about 50 microarcsecond (µas) for ∆Θ = 1
• , growing to 300 µas for higher and lower declinations. The astrometric errors are nearly constant at about 14 µas for very closely spaced sources at intermediate declinations.
We estimated the accuracy of our relative astrometry σ a by applying the frequently used relation 2∆Θ(λ/D max ) [21] , where ∆Θ is measured in radian. We modified this relation in order to take into account the fact that the errors never go to zero, even for very closely spaced sources [22] , namely, Figure 3 shows estimates of the astrometric errors obtained using this relation for various frequencies as a function of the angular separation of the sources in the triplets of our sample and a typical value D max = 8300 km, corresponding to the maximum baselines realized between Shanghai and Jodrell Bank or Shanghai and Noto. Although some of the objects in our sample have intermediate declinations, the real uncertainties in the relative astrometry could be higher, since, although these sources are very compact, they are nevertheless not point-like. Due to the nature of the method we have used to measure the VLBI core shifts, we must add uncertainty in the jet direction to the uncertainties in the relative astrometry:
where r is the distance from the core to the innermost jet component at our highest frequency (8.4 GHz), and σ r,jet and σ r,core are the uncertainties in the positions of the innermost jet component and the core at 8.4 GHz. Note that the formal uncertainties in the positions of Gaussian components are usually very small, and do not reflect the real uncertainty in the jet direction. We calculated the jet direction as the mean position angle of several innermost jet components relative to the core, and adopted the uncertainty of this mean as σ ϕ . For sources with only one jet component, we used the conservative estimate for the uncertainty in the jet direction 10
• . The median value of σ ϕ was 6
• . The uncertainty in the core shift obtained by expanding the difference vector CS rel into components can be estimated analytically. This uncertainty depends appreciably on the angle between the component vectors (jet directions) ∆ϕ and is comprised of two parts:
due to uncertainty in the jet directions and
| sin ∆ϕ| ≈ σ a | sin ∆ϕ| due to uncertainty in the difference vector CS rel itself, which depends on the astrometric error
and the total uncertainty in the positions of the cores of the sources
In our analysis, we neglected the uncertainties in the core coordinates σ r,core , since these are small compared to σ a . Thus, the uncertainty in the measured core shift grows rapidly in the case of small angles between the jet directions ∆ϕ, making the triplet method fairly sensitive to the condition that the jet directions for high-accuracy measurements be close to orthogonal.
Comparison of Methods for Determining the Core Shift
The main difficulty in measuring the shift in the position of the core is accurately aligning maps of the radio brightness obtained at different frequencies. This problem arises due to the loss of information about the absolute coordinates of the source during the standard reduction of VLBI data, including phase self-calibration during the mapping process.
One method that makes it possible to overcome this problem is based on the method of self-referencing [3, 4, 23] , where the alignment of the images at different frequencies is carried out using a bright jet component whose emission is optically thin, so that its position is achromatic. There is also a more universal approach to the realization of self-referencing, where the images are aligned based on the results of a two-dimensional cross correlation of optically thin regions of the jet [24] . This method has been applied together with modeling of the source structure using a number of Gaussian components to determine the VLBI core shifts of four BL Lac objects [25] , a sample of 190 sources [15] , and other large source samples [26] . Inadequacies of this method include the systematics of the measurements in the case of strong spectral-index gradients along the jet, the presence of model assumptions about the coordinates of the VLBI core, and limitations to its applicability to sources with fairly rich structure suitable for the cross correlation analysis.
Another method for measuring core shifts, which we have used in our current study, is based on relative VLBI astrometry [27] . Its main advantage is that it applies fewer model assumptions and can be used for compact sources with minimum structure, where the selfreferencing method cannot be applied. However, this method also has inadequacies: the phase calibrator relative to which the position of a target is measured also has a core shift, which must be taken into account, limiting the accuracy of such measurements. Only pairs of sources whose inner jets have appreciably different directions are free from this problem. This method also requires good filling of the uv plane and high angular resolution to work well.
RESULTS AND DISCUSSION
Relative Astrometric Measurements
The results of our measurements of the frequencydependent VLBI core shift obtained via relative astrometry for simultaneous observations of triplets of sources are presented in Table I . The shifts in mas for the L (1.7 GHz), S (2.3 GHz), and C (5.0 GHz) bands relative to the (highest-frequency) X-band (8.4 GHz) are given for each source. Positive values correspond to shifts of the core downward along the jet with decreasing frequency, as is predicted theoretically. Figure 4 shows the core shifts as a function of frequency.
We expect theoretically that r core ∝ ν −1/kr [3] , but the measurement uncertainties hindered our ability to estimate k r . Therefore, we fitted the dependence ∆r core = a + b/ν, assuming k r = 1, which is a good approximation for most sources [23] . For many sources in our sample the estimated uncertainties exceed the measured shifts. At the same time, the measured core shifts for 0133+476, 0202+319, 0217+324, 0235+164, 0440−003, 0446+112, 0446+113, 0447−010, and 2149+056 are in good agreement with the dependence ∝ ν −1 . The median core shifts for these sources were 1.79, 1.22, and 0.18 mas for L, S, and C bands, respectively, relative to X band.
Note the reverse core shifts indicated for a number of the sources. We do not yet have a clear explanation for this result. It is important to understand whether this is an intrinsic astrophysical effect or the result of factors we have not taken into account in the method used. We did not detect this effect earlier in our coreshift measurements for large numbers of sources using the self-referencing method [15, 26] . It is possible that only astrometric measurements are sensitive to this effect, or that some systematics are in the data, which we have not taken into account. Further studies of this effect require new, better quality, sensitive core-shift measurements. Such studies should be carried out, first and foremost, for sources that have manifest reverse core shifts in our observations.
For comparison, we measured the core shifts using the relative astrometry method when the relative shift vectors CS rel for pairs of sources were spread around the jet directions. The results are shown in Fig. 5 . Since we observed triplets of closely spaced sources related by a single phase solution, we obtained two measurements for each object. These plots show that the measurements for a given source and their uncertainties can depend strongly on which source in the pair is used to make the measurements. This is related to the different distances between the sources and the angles between their jet directions. Nevertheless, in most cases, the results of these pairwise core-shift measurements agree with the results obtained for the triplets as a whole.
Core-shift Measurements by Images Alignment at Different Frequencies
The core shifts for sources with fairly extended structures can also be measured by aligning images of the source obtained at pairs of frequencies, as is described in [26] . The reconstructed images were convolved with identical beams corresponding to the mean beam size for all the frequencies. The core position was determined via modeling of the source structure as a set of circular Gaussian components (see Section 2.5). It was possible to determine the core shifts for one or more pairs of frequencies for 15 sources in this way (41 frequency pairs in all). Figure 6 shows that these measured core shifts are in good agreement with the assumption that they should lie along the jet.
Since the core shifts for 12 sources were measured for more than one frequency pair, this makes it possible to study the frequency dependence of these shifts. We fitted a model assuming a dependence of the form r core ∝ ν −1/kr to the core-shift measurements obtained. This fitting placed essentially no limits on the value of k r , which ranged from 0.6 to infinity. Therefore, we assumed k r = 1 for our subsequent analysis, in agreement with the earlier results of [23] : r core ∝ ν −1 ∝ λ and ∆r core ∝ λ 2 − λ 1 . Figure 7 shows the dependence of the core shift on the difference between the wavelengths used to determine it.
The typical core shifts measured between X and S bands (8 and 2 GHz) in the current study, 0.65 mas, is in good agreement with the results of [4, 23, 26] , where the median shift X → S is estimated to be 0.44, 0.71, and 0.53 mas, respectively.
Note that we were able to measure the shift between S and L bands (2.3 and 1.7 GHz) for only one source. This came about because these frequencies are fairly close, and the resolution obtained at these frequencies is a factor of three to four lower than the resolution obtained at X and C band. Two measurements appreciably exceeding the typical core-shift values were obtained for 0217+324: 2.8 and 3.1 mas for the frequency pairs C → L and X → L, respectively, shown by the arrows in Fig. 6 . A comparison of the L-band image of this source with the other L-band images indicates that there were no methodological errors in the measurements. This suggests that we are seeing some more distant region of the jet at L band that is brighter than the L-band core. This requires a separate study based on images with higher sensitivity. • ), the results for the two methods are fairly similar and show the same frequency dependence. A variety of behavior is seen in the remaining cases, from good agreement (e.g., 1745+085) to completely opposite results, i.e., with the shifts directed in opposite directions (e.g., 2144+092).
Geometry and Physical Parameters
All of our conclusions about the physical structure of the jet presented in this section are based on our core-shift measurements obtained by alignment of images at different frequencies (Section 4.2). The astrometric 
Dependence of the core shift measured via independent alignment of image pairs of a given source at different bands on the difference between corresponding wavelengths. Assuming rcore ∝ ν −1 ∝ λ, the dependence for each source is a straight line. Only sources whose shifts were measured for more than one pair of frequencies are shown. The individual measurements and the best-fit linear approximation for each source are depicted. No uncertainties are shown; typical uncertainties are 0.3 mas. The symbols X, C, and S denote the values λ2 − λ1, corresponding to the shifts from the position at the indicated band to the jet apex (i.e., λ1 = 0). The lines correspond to the sources (from the bottom up): 0202+319, 0151+474, 0446+113, 2145+067, 0229+131, 2144+092, 1745+085, 0445+097, 0133+476, 0204+316, and 0447−010. method (Section 3.1) sometimes yields results that are not in agreement with our basic assumption that core shift is due to synchrotron self-absorption at the bases of the jets. Additional measurements and verification are required to more fully understand those measurements. Assuming that, on average, the position of the core as a function of the wavelength is r core ∝ λ, we can estimate the distance from the intrinsic base (apex) of the jet (corresponding to λ 1 = 0 in the formulas above) to the core observed at a given frequency. The core positions at X, C, and S bands are given in Fig. 7 . The typical distance from the jet apex to the 8 GHz core is 0.27 mas, or 2.1 pc projected onto the sky. The intrinsic distance from the jet apex to the 8 GHz core is ∼20 pc for a jet with a typical angle to the line of sight of θ ∼ 6
• [28] . We can use the measured core shifts to estimate the magnetic-field strength near the base of the jet. Assuming equipartition between the energies of the magnetic field and particles, and adopting a spectral index for the jet α = −0.5, which is taken to be observed at close to the critical angle (for which the apparent component speed β app is maximum), the magnetic field in Gauss at a distance of 1 pc from the intrinsic jet base can be estimated as follows [15] :
where β app is the apparent speed of the jet and Ω rv a parameter corresponding to the core shift measured in pc·GHz. Since the dependence of B 1 on β app is weak (B 1 increases by only a factor of 1.8 as β app increases from 0 to 10), We used the fixed factor (1 + β 2 app ) 1/8 = 1.5, which corresponds to β app = 5. The mean magnetic field 1 pc from the intrinsic jet apex is then B 1,mean = 1.2 G; values for individual sources are presented in Table III .
CONCLUSION
We have developed two approaches to measuring the frequency-dependent core shifts of each source in a group of closely spaced quasars, which are related by a single phase solution derived from VLBI relative astrometry. In one approach, the difference in the core shifts for two sources is written in terms of contributions in the directions of the relativistic jets of each, assuming that the shifts occur along these directions. In the other approach, we use measurements of an arbitrary number of closely spaced sources to estimate the core shifts taking into account a priori information about the jet directions, for either all or only some of the sources.
We organized pilot observations of eight triplets of compact extragalactic radio sources on the EVN to test these methods. Three telescopes of the Russian Kvazar-KVO array took part in these observations. Their participation improved the resulting measurement accuracy and the sensitivity and quality of the reconstructed images. Unfortunately, the failure of the Hartebeeshoek telescope in South Africa led to a loss of long baselines in the North-South direction, which appreciably lowered the accuracy of the measurements.
We have estimated the frequency-dependent core shifts for the 24 objects included in this study. The measured core shifts for nine of these are significant. For these sources, the median VLBI core shifts at 1.7, 2.3, and 5.0 GHz relative to our highest frequency, 8.4 GHz, were 1.79, 1.22, and 0.18 mas, respectively. We were able to independently measure the core shifts of a number of sources via self-referencing using extended, optically thin regions in the source. For these, we have also estimated the distance from the 8.4 GHz VLBI core to the intrinsic base of the relativistic jet and the magnetic-field strength 1 pc from this base. The typical values of these quantities for these sources were 2 pc projected onto the sky and 1.2 G.
We conclude that the relative-astrometry method can be used to measure frequency-dependent VLBI core shifts for very compact sources for which other methods are not suitable. This is especially important for objects defining the highest-accuracy inertial reference frame availablethe International Celestial Reference Frame (ICRF) -which is based on VLBI measurements. Achieving the required accuracy and reliability of these measurements requires VLBI observations with good uv-coverage, high sensitivity, and high angular resolution. 
